INTRODUCTION
Phosphorus (P) contained in different feed ingredients is well known to vary substantially in availability for poultry. Optimizing dietary P concentrations is a major challenge for sustainable livestock production because P supplements are costly, excessive excretion may cause environmental problems, and P resources are limited on the global scale (Rodehutscord, 2009) . Extending and improving the database for P availability in feed ingredients, including variation within one ingredient, is therefore mandatory.
Different approaches are in use for the determination of P availability. Quantitative measurements of P retention have often been used (Van der Klis and Versteegh, 1996; Leske and Coon, 2002; Rodehutscord and Dieckmann, 2005) . Alternatively, some authors have used measurements on the ileal level [prececal (pc) digestibility] (Grimbergen et al., 1985; Ketels and De Groote, 1988) . This approach has received increasing attention in recent years for studying amino acid digestibility, and it appears feasible to consider it also a useful tool for evaluating P sources. However, direct comparisons between both approaches are rare, and it is not clear whether they allow for the same conclusions in regard to the evaluation of P sources.
Our main objective was to compare the responses of broilers to increments in dietary P concentration based on P retention and P pc digestibility. The first experiment that we conducted indicated that the length of the ileum section that is used for collecting digesta affected the results. As a second objective, we therefore also investigated the effect of the length of the dissected ileum section in another experiment.
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MATERIALS AND METHODS

Diets
The basal diets (BD) were intended to be very low in P and were therefore mainly based on corn, potato protein, and corn starch (Table 1) . Potato protein was chosen because of its high CP content and the wide CP-to-P ratio. Adequate essential amino acid supply was achieved by inclusion of free amino acids. Nutrients (except for P and Ca) were calculated to be in accordance with the recommendations of the Gesellschaft für Ernährungsphysiologie (1999). Titanium dioxide was included at 0.5% of the diet as an indigestible marker.
In experiment 1, 6 supplementary levels of P were used. Feed-grade monobasic calcium phosphate [MCP; Ca(H 2 PO 4 ) 2 ] was included in graded levels to achieve a wide range in P supply ( Table 2 ). Concentrations of Ca were also increased and additionally adjusted by variable inclusion of limestone (CaCO 3 ), but a maximum of 1% Ca in the diet should not be exceeded. Sand was used to compensate for variable inclusions of MCP and limestone. The amount of the BD that was needed for all treatments was mixed in one lot without MCP, limestone, and sand. It was then divided into 7 equal parts. The respective amounts of MCP, limestone, and sand were added and the individual diets were mixed again. All diets were pelleted through a 3-mm die without using steam. Diets were prepared in the certified feed mill of the Research Center for Animal Sciences of Halle University (Germany). The diets used in experiment 2 were prepared in the same way and were very similar in ingredient composition, but the main ingredients were not from the same batches as in experiment 1. We also chose a wider range in P supplementation than in experiment 1 and used only 5 instead of 6 supplementary levels. The Ca-to-P ratio was kept constant in all diets of experiment 2. The analyzed P concentrations ranged from 2.0 to 7.1 g/kg in experiment 1 and from 2.4 to 8.1 g/kg in experiment 2 (Table 2 ).
Birds and Experimental Protocol
The experiments were conducted in a 3-level cage battery system of the Research Centre for Animal Sciences of Halle University in accordance with German Animal Welfare Regulations. The room temperature was 34°C at the beginning and was gradually reduced to 25°C on d 15 and was then kept constant. Experiment 1. Male broiler hatchlings (Ross 308) were obtained from a local hatchery (Geflügelhof Möck-ern, Möckern, Germany) and allocated into groups of 12 birds each into 35 cages. They received a commercial starter feed (21% CP, 0.7% P, 1.0% Ca) until they were 17 d old. Broilers were then weighed and 2 were removed from each pen to reduce within-cage variation in BW and to equalize BW among cages. Five cages 1 According to the supplier (BASU-Mineralfutter GmbH, Bad Sulza, Germany), the premix supplied the following per kilogram of complete diet: vitamin A, 12,000 IU; vitamin D 3 , 3,000 IU; vitamin E, 40 mg; vitamin K 3 , 2 mg; thiamine, 2 mg; riboflavin, 6 mg; vitamin B 6 , 5 mg; vitamin B 12 , 2 μg; niacin, 36 mg; folic acid, 1 mg; biotin, 0.2 mg; Cad-panthothenate, 15 mg; choline chloride, 700 mg; Ca, 2.3 g; Mg, 0.7 g; Zn, 50 mg; Fe, 60 mg; Co, 5 mg, Mn, 60 mg; I, 1 mg; and Se, 0.2 mg.
2 Composition of the experimental mix was varied to achieve different P concentrations in the experimental diets as detailed in Table 2 . with 10 birds each were allocated to one of the 7 dietary treatments in such a way so that treatments were equally distributed in the battery system, and experimental diets were then offered for ad libitum intake for 11 d. Tap water was always available from a nipple drinker. After 6 d of adaptation to the diets, excreta were collected for 5 d from trays underneath the cages twice daily, cleaned from spilled feed and feathers, and bulk-stored for each cage in a freezer at −18°C. Defrosted excreta were thoroughly mixed, freeze-dried, ground through a 1-mm screen, and stored at room temperature to await analyses. At the end of the experimental period, all birds were weighed again and asphyxiated by carbon dioxide exposure. The body cavity was immediately opened and the intestine section between Meckel's diverticulum and 2-cm anterior to the ileo-ceca-colonic junction were dissected. The digesta was gently flushed out with deionized water, pooled on a cage basis, and immediately frozen at −18°C, freeze-dried, ground through a 1.0-mm screen, and set aside at room temperature to await analyses.
Experiment 2. Origin, housing, and handling of birds, as well as sample treatment, were similar as in experiment 1 but modified based on observations made in experiment 1. Feeding the experimental diets started when birds were 20 d old and lasted for 8 d. Six replicated cages were used for each of the 6 diets. Excreta samples were collected only for 1 d at the end of the experiment. The dissected section of the intestine (from Meckel's diverticulum and 2-cm anterior to the ileo-ceca-colonic junction) was cut into 3 subsections of equal length (Kluth et al., 2005) . The contents were flushed out with deionized water and pooled for all birds of one cage but separately for each of the 3 subsections.
Chemical Analyses and Calculations
In experiment 1, concentrations of P and Ca in the diet, excreta, and digesta samples were determined after ignition at 550°C in a muffle furnace. The remaining ash was extracted with 6 N HCl, and P was determined photometrically (Pharmacia LKB Biochrom Ltd., model 80-2097-62, Cambridge, UK) as orthophosphate from the filtered ash solutions [Verband Landwirtschaftlicher Untersuchungs-und Forschungsanstalten (VDLUFA), 2006; method 10.6.1]. Calcium was analyzed using flame photometry (Eppendorf, Netheler and Hinz GmbH, Hamburg, Germany). Concentrations of titanium were measured photometrically (apparatus as above) using the method of Brandt and Allam (1987) with specifications as described by Boguhn et al. (2009) . In experiment 2, samples were wet ashed based on method 10.6.1 (VDLUFA, 2006) with laboratory details as described by Boguhn et al. (2009) . Measurement of P, Ca, and Ti concentrations were made simultaneously using an inductively coupled plasma optical-emission spectrometer (ICP-OES, JY 24, Horiba, Jobin Yvon GmbH, Munich, Germany). All analyses were run in duplicate. The reason why we have used different analytical approaches in the 2 experiments was that we had installed new analytical techniques in the laboratory in the time between the experiments.
The percentage of P retention and P pc digestibility (y) for each diet was calculated on a pen basis according to the following equation:
where TiO 2Diet and TiO 2Digesta or Excreta equal the analyzed concentrations of TiO 2 in the diet and digesta or excreta samples (g/kg) and where P Diet and P Digesta or Excreta equal the analyzed concentrations of P in the diet and digesta or excreta samples (g/kg). The respective Ca concentrations were used to calculate Ca retention.
The data were subjected to ANOVA procedures using the SAS 9.2 software (SAS Institute Inc., Cary, NC). In experiment 2, means between different subsections of the ileum within one P level were compared using a t-test. The level of significance chosen was P < 0.05.
Regression analyses were made using GraphPad Prism 5.02 (GraphPad Software Inc., San Diego, CA). Differences between slopes and intercepts of calculated regressions were tested at a level of significance of P < 0.05 with the procedure implemented in the GraphPad software.
RESULTS
In experiment 1, both feed consumption and BW gain were significantly affected by the P supplementation level (Table 3) . Retention of P in the BD was 59.5%, and supplements of P significantly reduced the percentage of P retention (P < 0.001). In contrast, the pc P digestibility was 45% on average and was not significantly affected by the P inclusion level. Up to a P concentration in the diet of 5.2 g/kg (supplementation level 4), the calculated excretion of P was slightly lower than P flowing in the ileum (Figure 1 ). With further increase in dietary P above 5.2 g/kg, P excretion increased in a nonlinear way and became increasingly higher than the P flow in the ileum. The ratio between retained Ca and retained P across all treatments was 2.08 ( Figure 2) . Broilers in experiment 2 had a P retention value of 65% when fed the BD (Table 4 ). As in experiment 1, the supplementation of P caused a significant reduction in P retention (P < 0.001). Retention of Ca was closely related to the retention of P with a mean ratio of 1.97 to 1 (Figure 2) . The P supplementation level also significantly affected P pc digestibility in the distal subsection of the ileum. Between the 3 subsections, calculated digestibility was significantly different in the BD and the diets with the 3 lowest levels of P supplementation (Table 4) . Up to a level of 5.2 g of P/kg of diet, P excretion was slightly lower than P flow in all subsections of the ileum (Figure 3 ) and then increased in a nonlinear way. In contrast, responses were linear across the whole range of P supplementation in the 3 subsections of the ileum. The slopes of the linear regressions calculated for the 3 subsections were not significantly different (P = 0.160) but the estimates for the intercept were (P < 0.001).
DISCUSSION
In both experiments, the principal responses of broilers to the increase in dietary P concentration were very similar. The excretion of P increased in a linear way with increasing supplementation up to about 5.2 g of P/kg of the diet. However, further increase in P intake caused a further nonlinear increase in excretion (Figures 1 and 3) . In contrast, the pc flow of P increased linearly with incremental P intake over the whole range of the P intake studied. This indicates that absorptive mechanisms in the intestine were not adapted to differences in P intake and a constant proportion of the supplemented P was absorbed. Hurwitz et al. (1978) already saw this indication in studies that they had conducted with young turkeys. The conclusion is also supported by results that Huber et al. (2006) found in laying hens. In their study, jejunal transport capacity for inorganic P and expression of Na + -dependent inorganic P transporter (NaPi IIb) mRNA did not react to variations in P intake of the hens. They concluded that the homeostatic response of the birds to variable P intake was mainly based on the adaptive capacity of the kidney. In the present study, P excretion with urine must have been very low and constant at dietary P concentrations below 5.2 g/kg. Otherwise the graphs for P excretion should have been higher than those for pc P flow (Figures 1 and 3 ). However, P excretion with urine became increasingly relevant above this threshold level.
It is difficult to conclude what the actual P requirement of the birds in our experiments was. But it can be hypothesized that the onset of excretion of P with the urine is an indicator that the birds were supplied with P close to their requirement, and therefore they Figure 1 . Relationship between the P concentration of the diet and the excreted or prececally (pc) nondigested P in experiment 1 (mean and SE; n = 5 pens per treatment). Phosphorus excretion was described by a third-order polynomial function and prececally nondigested P by a linear function as detailed in the graph. started to excrete the amounts that were absorbed, but not needed for metabolic purposes. Excess in absorbed P was eliminated with urine also in turkeys (Hurwitz et al., 1978) . The Ca:P ratio was not the same in all diets of experiment 1. We wanted to avoid Ca becoming the limiting factor at low P supply but also to avoid highly excessive Ca intake at high P supply. It can be questioned whether the responses in P excretion and digestibility had been different in experiment 1 if a constant dietary Ca-to-P ratio had been used. However, when responses shown in Figure 1 are compared with those from experiment 2 (shown in Figure 3 , conducted at constant dietary Ca-to-P ratio), no principal differences between the experiments can be seen. We therefore assume that conclusions drawn from this study are not affected by the dietary Ca-to-P ratio that was used. The observation that the ratio between retained Ca and retained P was about 2 to 1 in both experiments across the whole range of intake studied (Figure 2 ) also indicates that Ca was not a limiting factor for P retention.
Both retention and pc digestibility measurements were used for the evaluation of availability of P sources in poultry (Grimbergen et al., 1985; Van der Klis and Versteegh, 1996; De Groote and Huyghebaert, 1997; Leske and Coon, 2002; Rodehutscord and Dieckmann, 2005) . As long as the P supply is below the requirement of the birds, both retention and pc digestibility approaches give very similar estimates of availability for the supplemented P sources, as indicated by the similarity in responses shown in Figures 1 and 3 . However, in the design of a P availability study and formulation of diets, it is often difficult to identify and consider the actual P requirement. This will not be a problem when P pc digestibility is studied instead of P retention, because the response in pc digestibility remained linear over the entire range of supply studied. From this point of view, pc digestibility appears advantageous over retention for standard P availability determination.
In growing ducks, pc digestibility and retention were the same when a low-P BD was fed (34%) (Adeola, 2010) . In Adeola's study, 3 supplementary levels of a monosodium phosphate caused very similar increments in pc digestibility (maximum 46%) and retention of P (maximum 45%), hence confirming the present observations. Inconsistent results were found by Ravindran et al. (2000) . When a diet with 2.9 g of phytate P was used, pc P digestibility was higher than P retention (44 vs. 40%) but it was lower when 3.7 or 4.4 g of phytate P/kg of the diet were used (40 and 37% vs. 44 and 46%) . However, differences between sampling locations Relationship between the P concentration of the diet and the excreted or prececally (pc) nondigested P in experiment 2 (mean and SE; n = 6 pens per treatment). Phosphorus excretion was described by a second-order polynomial function and prececally nondigested P by linear functions as detailed in the graph.
were not statistically analyzed, so that it remains difficult to draw conclusions from these data.
In experiment 1, we found that P excretion at a low level of P supply was slightly lower than pc P flow (Figure 1 ). This could have had different reasons. First, a certain amount of P was still absorbed in the postileal part of the intestine. To our knowledge, this has never been studied in chicken. However, some studies with pigs indicate that P is not absorbed postileally or that absorption is negligibly low (Moore and Tyler, 1955; Partridge, 1978; Ajakaiye et al., 2003; Baumgärtel et al., 2008) . Second, whereas pc digestibility can only consider digesta collected at one particular time, retention measurements in experiment 1 were based on a time period of 5 d. Because the birds had free access to the feed, changes in feed intake toward the end of the experiment may have had effects on the passage rate or pH with subsequent consequences for P absorption. Thus, we concluded that in experiment 2, the time period for sampling of excreta should be reduced to the last 24 h before digesta collection to bring measurements closer together. However, this did not change the overall observation that P excretion was slightly lower than pc P flow. Third, higher pc P flow compared with P excretion perhaps simply was the consequence of incomplete P absorption within the section that was sampled between Meckel's diverticulum and the ileoceca-colonic junction in experiment 1. This section was between 38-and 62-cm long in 21-d-old broilers (Kluth et al., 2005) . Kluth et al. (2005) found that amino acid digestion was not completed at Meckel's diverticulum and suggested that only a more distal section of the ileum is used. In experiment 2, we therefore divided the ileum into 3 subsections of equal lengths and determined pc digestibility separately for each subsection. The results in principle confirmed what was known already for amino acids (Kluth et al., 2005) : The process of P absorption does not seem to be completed at Meckel's diverticulum.
The slopes that were determined for the 3 subsections were not significantly different (Figure 3) , indicating that for the evaluation of the supplemented MCP the length of the section was not relevant. However, both the significant differences between the estimated intercepts (Figure 3 ) and the significant differences between the digestibilities determined for the BD and the diets with low P supplements (Table 4) show that the ileum length exerted some influence. Obviously, the source of P (mainly phytate P in the BD or P from the MCP supplement) is important. Perhaps a certain release of phosphate from phytate or lower inositol phosphates due to activity of phosphatases still occurs in the ileum, whereas absorption of soluble phosphate from inorganic sources is already completed at an earlier stage. Davies and Flett (1978) , by using a ligated-loop technique, showed in rats that phytate disappeared in the duodenum, jejunum, and ileum, with greatest relevance in the duodenum. Maenz and Classen (1998) demonstrated the presence of intestinal brush border phytase activity in the duodenum, jejunum, and ileum of broiler chicks, with a proximal to distal decrease in its activity.
Two main conclusions can be drawn from this study. The response in P prececal digestibility to increments in dietary P concentration is linear over a wider range of dietary P than the response in P retention. When digesta is collected from the ileum for determination of P prececal digestibility, the first third of the ileum should not be considered. These conclusions are suggested for consideration in discussions about a standard protocol for the determination of P availability.
